ABSTRACT: Tight junctions (TJs) make a vital contribution to the barrier properties of the airway lining. Opening of TJs, or their frank cleavage, is suspected as a pathophysiological event in the lung, but research into the cellular and molecular mechanisms involved has been impeded by technical limitations of available experimental models. The authors have compared the properties of two epithelial cell lines derived from bronchial epithelium to explore whether these cell lines could constitute appropriate tools for the study of TJ regulation in bronchial epithelium.
The integrity of the barrier formed by the epithelial lining of the airways is dependent upon the continuity of the superficial layer of columnar cells and the effectiveness of the adhesions formed between neighbouring cells and with the biomatrix [1] . Of the lateral intercellular adhesions, tight junctions (TJs) define the physiological interface between functionally distinct apical and basolateral plasma membrane domains. Furthermore, they govern the permeability of the airway lining by regulating access to the paracellular spaces between columnar cells [2±4] . TJs are formed from macromolecular complexes of proteins and have a continuous distribution around the apical perimeter of epithelial cells. TJ proteins such as ZO-1, ZO-2, ZO-3, cingulin, symplekin and AF-6 are localized to the cytoplasmic face of the junction [3±7] and do not participate directly in the formation of an intercellular seal at TJs. However, as some of these proteins are anchored to the cytoskeleton, they may be able to regulate TJ function indirectly. In contrast to the above, occludins and claudins are membrane-spanning proteins that are considered to seal TJs by creating homotypic interactions with neighbouring cells [8±11] .
The paracellular permeability properties of the epithelial barrier thus depend upon proteins that have extracellular domains. This dependency raises the possibility that the effectiveness of TJs may be influenced by external factors that perturb protein structure/function. Perturbation of the exogenous domains of TJs may have pathophysiological consequences. For example, it has been suggested that allergic sensitization might be facilitated by peptidase allergens that lead to cleavage of the extracellular domains of TJs [12, 13] . It has also been speculated that activated eosinophils cause the bronchial epithelium to become hyperfragile by promoting cleavage of both lateral and basal adhesions of epithelial cells [14, 15] .
In order to define the importance of intercellular junctions in both physiological and pathophysiological events in the airway lining it is necessary to characterize models that are appropriate for such investigations. For detailed studies of the cellular and molecular mechanisms involved in the regulation of airway TJs, it is desirable to undertake these investigations in cultured cells. Unfortunately, primary cultures of epithelial cells from lung tissue have the disadvantage of being derived from heterogeneous sources and exhibit both an acute phenotypic instability and lack of longevity in culture. A number of immortalized cell lines have been established from airway mucosa and some of these have been used to investigate responses following a miscellany of experimental treatments. Whilst some of these cell lines (e.g. A549 and BEAS-2B) have been utilized for biochemical investigations, most epithelial cell cultures derived from lung are unsuited to investigations of the events concerned with alterations in epithelial barrier properties. This unsuitability arises because many of the immortalized epithelial cell lines do not correctly express crucial components of intercellular junctions (unpublished data) [16] . In this paper, the authors describe the intercellular junctions and barrier properties of two human bronchial epithelial cell lines that offer the potential to be useful paradigms of the lateral cell adhesions of human airway epithelium.
Methods

Cell culture
16HBE14o-cells, Calu-3 cells and Madin-Darby canine kidney (MDCK) epithelial cells were cultured as previously described in full [17] . In the present studies, MDCK cells were used as an experimental reference because of their highly characterized intercellular adhesions. 16HBE14o-cells have the characteristics of superficial epithelial cells and were originally derived by viral transformation of cells dissociated from human bronchial epithelium [17] . Previous phenotyping of Calu-3 cells, which are derived from an adenocarcinoma, suggests that they have seromucous attributes [18] .
In experiments to examine the breakdown and formation of TJs, cells were seeded at confluent density into 60-mm Petri dishes containing glass coverslips. Cells were allowed to adhere in normal culture medium for 5 h and then washed and placed in culture medium containing 5 mM ethylene glycol tetra-acetic acid (EGTA) to "down switch" extracellular Ca
2+
. Three days after plating, cells were washed in fresh medium and extracellular Ca 2+ restored to normal levels ("up switch"). At various times after the "up switch" of Ca
, cells were fixed and their TJ proteins examined by fluorescent antibody labelling.
Measurement of permeability
Measurements of [
14 C]-mannitol clearance and permeability were performed exactly as described previously [19] . Experiments were conducted in confluent monolayers of epithelial cells which had been propagated on ultrathin undercoats of ungelled Matrigel in Costar Transwells (Corning-Costar Ltd., High Wycombe, Buckinghamshire, UK). All cell lines were seeded at densities of 5310 5 cells . insert -1 .
Measurement of transepithelial electrical resistance
Transepithethial electrical resistance (TER) was measured in Endohm TM tissue resistance measurement chambers (World Precision Instruments, Inc., Sarasota, FL, USA) by applying a 20-mA square wave alternating current across the monolayers at 12.5 Hz. The values of TER cited in this manuscript were made with 5 mL medium in the outer well and 0.1 mL medium in the Transwell insert. The resistance of cell-free Transwell inserts was measured for control purposes and proved to be minimal (<1 V . cm 2 ).
Cellular staining by fluorescent probes and indirect immunocytochemistry
To determine the extent of cell coverage over Transwell inserts and the viability of cells at any time point during culture, sample inserts were selected at random and stained with ethidium bromide and acridine orange (Merck Ltd., Lutterworth, Leicestershire, UK). The cells were rinsed twice with phosphate-buffered saline (PBS) and 100 mL of acridine orange and 100 mL ethidium bromide (1 mg . mL -1 for each) added under subdued illumination. The cells were immediately examined by fluorescence microscopy using a Zeiss Axiovert 10 microscope (Carl Zeiss Ltd., Welwyn Garden city, Hertfordshire, UK) with blue/green excitation filter sets.
Intercellular junctions were examined by fluorescent antibody labelling using monoclonal antibodies (mAbs) for occludin, E-cadherin, and desmoplakin as described elsewhere [16] . The mAbs used were rat antioccludin (MOC37; a kind gift of S. Tsukita, Kyoto University, Kyoto, Japan) [20] , rat anti-E-cadherin (DECMA-1; Sigma, Poole, Dorset, UK) [21] and mouse antidesmoplakin (11-5F) [22] . In human cells ZO-1 was labelled using a rabbit polyclonal antibody (a kind gift from T. Fleming, University of Southampton, Southampton, UK), and in MDCK cells with rat mAb R40.76 (a kind gift from B. Stevenson, University of Alberta, Edmonton, Alberta, Canada) [23] . b-Catenin was labelled using a rabbit polyclonal antibody (Sigma). Antibodies were diluted for use in PBS/0.2% volume(v)/v Tween-20 containing 10% v/v nonimmune serum. All of the cells used in the studies of intercellular junctions were fixed in ice-cold methanol and blocked in 10% v/v nonimmune serum before primary antibody binding. For ZO-1 and E-cadherin staining, modified CSK buffer (composition: NaCl 50 mM, sucrose 3,000 mM, piperazine-N,N'-bis [2-ethanesulphonic acid] (PIPES; pH 6.8) 10 mM, MgCl 2 3 mM, 0.5% v/v Triton X-100, 4-(2-aminoethyl)-benzenesulphonyl fluoride hydrochloride 1.2 mM) was applied before fixation to remove staining not associated with cytoskeletal components. Indirect immunocytochemistry was performed in specimens labelled with one or two primary antibodies depending on the experiment. For single-antibody labelling studies the affinity-purified secondary immunoglobulin G was conjugated with fluorescein isothiocyanate (FITC). In dual labelling studies, an appropriately paired combination of affinity-purified, immunoabsorbed second antibodies conjugated with fluorescein dichlorotriazine (DTAF) and tetraethylrhodamine isothiocyanate (TRITC) was used (Chemicon International, Harrow, Middlesex, UK). F-actin was labelled using rhodamine phalloidin (Cambridge Bioscience, Cambridge, UK) in cells that had been fixed in 3.7% v/v formaldehyde and permeabilized in 0.1% v/v Triton X-100.
Epifluorescence microscopy was performed using a Zeiss Axiovert 10 microscope with oil immersion objectives (Carl Zeiss Ltd.). Fluorescence excitation was at 450± 490 nm and emission at >520 nm for FITC or DTAF, and 546/>590 nm for TRITC or rhodamine phalloidin. Photographic documentation of results was made using a Contax 167MT camera (Kyocera Yaschica UK Ltd., Reading, UK) and Kodak TMAX 400 film for black and white prints (Kodak, Hemel Hempstead, UK). Single-photon confocal microscopy was performed using a Zeiss LSM510 microscope (Carl Zeiss Ltd.). Image stacks from confocal microscopy were processed entirely in the digital domain.
2-Photon molecular excitation microscopy (2PMEM) of fixed cell preparations was performed on a modified Zeiss LSM410 microscope (Carl Zeiss Ltd.) with excitation at 810 nm from a Ti:sapphire modelocked laser (Coherent Laser Group, Santa Clara, CA, USA) using pulses of 80± 100 fs duration [24] . The technique of 2PMEM limits specimen-bleaching outside the focal plane and thus enables quantitative analysis of fluorescent antibody labelling to be performed. Quantitative digital image analysis of the breaks within the TJ staining pattern was performed as fully described elsewhere [25] .
Immunoblotting
Whole cell protein extracts for immunoblotting were prepared exactly as described elsewhere [25] . Nonspecific protein binding was blocked with 5% weight (w)/v nonfat milk and 0.1% v/v Tween-20 in Tris-buffered saline (TBS) followed by incubation with primary antibodies diluted in TBS containing 2% w/v bovine serum albumin and 0.1% v/v Tween-20. MOC37 and R40.76 were the mAbs used to detect occludin and ZO-1 respectively in MDCK cells. Rabbit polyclonal anti-ZO-1 or antioccludin (Zymed, Inc., San Francisco, CA, USA) were used in human airway cells. Detection was by enhanced chemiluminescence technique (Amersham Pharmacia, Little Chalfont, Buckinghamshire, UK).
Results
Measurements of transepithelial electrical resistance
Visual inspection indicated that all three of the cell lines formed tightly packed monolayers. At confluence the average cell diameters (arithmetic meanSEM) were 25.40.7, 26.80.6 and 23.00.6 mm for MDCK, Calu-3 and 16H-BE14o-cells respectively (n=300 for each). Assuming the functionally essential components of TJs are expressed by each cell line, and that their cell borders are similarly tortuous, the mean cell diameters suggest that the barrier properties of monolayers formed by the three cell lines should be comparable.
Figures 1a and b show that, after plating on 0.4-mm porosity Transwells, monolayers of 16HBE14o-and Calu-3 cells developed increasing TER values which reached maxima of (meanSEM) 327.851.7 and 359.546.7 V . cm 2 respectively (n=5) 6±8 days after plating. Thereafter, TER declined to values of~120 V . cm 2 by day 14. In contrast, MDCK cell monolayer TER was 507.5 V . cm . s -1 , respectively ( fig. 1d ). TER was a poor predictor of mannitol permeability as shown by comparison of the mannitol permeability coefficients measured earlier in the culture period. The permeability coefficient for mannitol measured in MDCK cell monolayers 3 days after seeding, when TER had fallen to a low value, was 0.760.07310 -6 cm . s -1 . In contrast, permeability coefficients of 0.31 0.01310 -6 cm . s -1 and 1.290.08310 -6 cm . s -1 were obtained in Calu-3 and 16HBE14o-cells when TERs of several hundred V . cm 2 were established (n=5 for each cell line).
Fluorescent antibody labelling of intercellular junctions
Figures 2A and 3B show that confluent monolayers of 16HBE14o-and Calu-3 cells exhibited well-defined staining of the TJ protein occludin. The TJs in these cells appeared as near-continuous rings localized to the periphery of each cell. Figures 2 and 3 also reveal a welldefined ring of E-cadherin labelling that was associated with a diffuse cytoplasmic meshwork (figs. 2B and 3B). Both cell lines showed ring-like immunostaining of bcatenin (figs. 2H and 3H), an undercoat protein found to be associated with E-cadherin at adherens junctions (zonulae adherentes) in epithelia. Fluorescent antibody labelling of desmoplakin revealed the presence of a punctate staining pattern typical of desmosomes (figs. 2C and 3C). A majority of the staining was associated with the cell periphery, although numerous puncta were evident within the cells. In both of the human airway cell lines the patterns of Ecadherin and desmoplakin immunostaining were similar to those seen in MDCK cells (not shown).
Comparison of figure 2A with figure 2D , and of figure  3A with figure 3D , shows that the majority of the occludin in both 16HBE14o-and Calu-3 cells appeared to be strongly associated with the cytoskeleton since the pattern of immunostaining was unchanged by detergent treatment of the cells prior to fixation. This confirms the expected strong association between functional TJs and the cytoskeleton. In contrast, comparison of figures 2B and D with figures 2E and F shows also that in 16HBE14o-cells prefixation detergent treatment resulted in a decreased immunostaining of E-cadherin and, to a lesser extent, desmoplakin. The amounts of peripheral E-cadherin and desmoplakin immunostaining in Calu-3 cells were also decreased by prefixation exposure to detergent buffer (compare fig. 3C and F) . The authors infer that these particular components of intercellular junctions in 16H-BE 14o-and Calu-3 cells are less well associated with the cytoskeleton than are the TJ proteins; the detergent extractable fraction perhaps representing E-cadherin and desmoplakin with mainly extrajunctional or cytoplasmic localization. Rhodamine-phalloidin staining of F-actin revealed the presence of perijunctional rings of F-actin in both cell lines, together with a fine meshwork of cytoplasmic stress fibres orientated perpendicular to the apicobasal axis (figs. 2I and 3I). The distribution of occludin and ZO-1 was highly concordant in both of the epithelial cell lines derived from human airways. Figure 4 shows dual fluorescent antibody labelling of occludin (a and d) and ZO-1 (b and e) in the same populations of cells imaged by 2PMEM. Since 2-photon excitation spectra are wide and chromatic aberration is eliminated by this imaging technique, the use of 2PMEM allowed the authors to excite both fluorochromes simultaneously and to map their spatial localization with high accuracy. Superimposition of the digital . ± Effect of calcium "switch" on tight junction proteins in Cal-3 and 16HBE14o-cells. Cells were plated on to coverslips in Ca 2+ -replete culture medium and allowed to adhere for 5 h before adding fresh medium containing 5 mM ethylene glycol tetra-acetic acid. On the third day after plating, the cells were washed and extracellular Ca 2+ was restored to the culture medium. Individual coverslips were fixed at specific intervals after the Ca 2+ switch and the presence of occludin (green labelling) and ZO-1 (red labelling) investigated by fluorescent antibody labelling and 2-photon molecular excitation microscopy imaging. Sites of colocalized occludin and ZO-1 appear yellow. Each major panel within the illustration shows an extended focus x-y image for the time points indicated. The inset in the upper left hand corner of each panel shows the corresponding x-z image of the cells. a±c) Calu-3 cells at 30, 60 and 120 min from up switch to fixation, respectively. d±f) 16HBE14o-cells at 60, 120 and 300 min from up switch to fixation, respectively. data sets encoding the fluorescent antibody labelling for each protein within a given monolayer produced images of TJ rings that are predominantly yellow with only a few areas of "dropout" where single colour (red or green) staining is visible ( fig. 4c and f) . This suggests that within the resolution achievable by 2PMEM the two TJ proteins are spatially colocalized at TJs. However, it is also clear from figure 4 that there are some differences in the fine structure of the TJ rings in these cell types. The zoom windows in figures 4a and d show that the junctional margins of Calu-3 cells differed from those of 16HBE14o-cells in being more tortuous and interdigitated. The greater tortuosity of TJs in Calu-3 cells was evident with both occludin and ZO-1 labelling ( fig. 4) . The more tortuous cell boundaries formed in monolayers of Calu-3 cells were reproducible features which distinguished the TJs of this epithelial cell line from the less interdigitated patterns seen in MDCK cells (not shown) and in 16HBE14o-cells ( fig. 4a±e) . Inspection of the 2PMEM image data suggested that in addition to their more tortuous appearance the occludin rings of Calu-3 cells also contained more obvious breaks in their staining pattern than did 16HBE14o-cells. This impression was supported by comparing the discontinuities in staining profile in overlaid patterns of occludin and ZO-1 1abel-ling for the two cell lines ( fig. 4c and f) and by measuring the extent of these breaks. Quantification of the 2PMEM images revealed that in the occludin rings of Calu-3 cells there were on average 20.81.0 breaks per TJ ring compared with 1.50.9 in 16HBE14o-cells (n=4, p<0.05). However, the average length of TJ breakage was similar in the two cell lines: 3.80.2 and 3.51.2 mm . cell -1 respectively.
Further evidence that 16HBE14o-and Calu-3 cells possess modulatable TJs consisting of closely apposed occludin and ZO-1 was provided by observing the responses of the cells to a Ca 2+ "switch" (fig. 5 ). Depletion of extracellular calcium using EGTA caused loss of the occludin and ZO-1 rings, but these were gradually rebuilt from both proteins following restitution of extracellular Ca 2+ ( fig. 5) . Figure 6 shows Western blots of the TJ proteins occludin and ZO-1 from the three cell lines examined in this study. Occludin and ZO-1 of MDCK cells immunoblotted essentially as single bands of apparent molecular masses 60 kDa and 220 kDa respectively ( fig. 6a) . By comparison, the immunoblotting profiles of these proteins in 16HBE14o-and Calu-3 cells were more complex. Occludin was detected as a major band with an apparent mass of 62±66 kDa that was associated with less prominent bands at 43±45 kDa, 52±57 kDa and 72±74 kDa ( fig. 6b and c) . In addition, an immunoreactive 94 kDa band was detected in Calu-3 cells. In the human cell lines, the TJ plaque protein ZO-1 was detected as a major product at~220 kDa, with minor bands of~190 kDa also detectable.
Discussion
Alterations in the plasticity of TJs, or their outright cleavage, have been suggested to be significant potentially pathophysiological events in the airways epithelium [1, 25] . Progress towards understanding the mechanisms involved have been impeded by the absence of wellcharacterized cellular models. In this study the authors describe details of the intercellular junctions of 16H-BE14o-and Calu-3 epithelial cell lines which make them potentially useful tools for the study of TJ biogenesis, regulation and breakdown. Both 16HBE14o-and Calu-3 cell lines expressed desmosomes, adherens junctions and functional TJs. The formation of confluent monolayers of cells expressing contiguous TJs was associated with the development of an increasing TER. The gradual decline in TER following attainment of a peak value is consistent with previous studies in MDCK cells [26] . This decrease in TER probably occurs because as the numbers of cells packed within the monolayer increases the total length of cell perimeters per unit area of monolayer also increases. Since the TER developed by an epithelial monolayer is determined to a large degree by the nature of its cell boundaries, an increase in the length of the cell perimeter per unit area should lead to a decrease in TER. This concept has been supported experimentally in growtharrested cells which show no decrease in TER as monolayers age despite the properties of the TJs being similar to those in dividing cell monolayers [27] . Consistent with the development of effective occluding junctions, monolayers of 16HBE14o-or Calu-3 cells were found to develop a low permeability to the cell impermeant sugar, mannitol [28] .
Imaging of the cells after fluorescent antibody labelling of occludin and ZO-1 confirmed that 16HBE14o-and Calu-3 cells formed TJ "rings". By using 2PMEM, which suffers from only minimal chromatic aberration and which allows simultaneous excitation of multiple fluorochromes, the authors were able to provide morphological evidence in support of the suspected close association between these proteins. Previously, the morphological association between occludin and ZO-1 has been inferred from images obtained by nonconfocal or single photon confocal microscopy in which testing for colocalization can be problematic [9, 29] .
The morphology of the TJ rings in 16HBE14o-cells, was similar to that in the extensively studied MDCK epithelial cell line. In contrast, the cell boundaries of Calu-3 cells were more tortuous and had a greater incidence of breaks in the TJ labelling patterns. The irregularity of TJs in Calu-3 cells might arise because the membrane surface topology of these cells is less homogenous than in 16HBE14o-cells. Alternatively, the irregularities might represent the formation of aberrant TJ strands or fascia occludens. Although the TJs of Calu-3 cells exhibited a significantly greater number of breaks in their TJ rings than 16HBE14o-cells, mannitol permeability coefficients were similar in the two cell lines. This potential paradox is explained by the aggregate break length being similar in the two cell lines; the gaps in the TJs of Calu-3 cells were numerous and of short distance, whereas gaps in 16H-BE14o-cell TJs were individually longer in length but fewer in number. This raises the issue of whether a gap in the labelling of a TJ protein is necessarily indicative of an incomplete or dysfunctional TJ. The recent discovery of claudins [30, 31] and the immunoglobulin superfamily member junctional adhesion molecule (JAM) [32] as additional transmembrane proteins of TJs suggests that TJ integrity is probably maintained by complex interactions between multiple adhesion proteins. Thus, it may be possible for some TJ adhesion proteins to have minor discontinuities in their staining pattern without barrier function being impaired. This underscores the need to complement morphological techniques with tests of function when exploring the role of the epithelial barrier in pathophysiological events.
Immunoblotting demonstrated that the TJ protein occludin was detectable at a range of molecular masses in both cell lines from human airways epithelium. The most abundant of the forms had an apparent molecular mass of 62±66 kDa, close to the predicted molecular mass of the unmodified protein. Recent studies have suggested that occludin may undergo function-dependent modifications and that it may be the "heavy", possibly phosphorylated, forms of occludin that seal TJs [33, 34] . The human airway cell lines expressed heavy forms of occludin (bands of~72±74 kDa were detectable in both cell lines with a protein of 94 kDa additionally present in Calu-3 cells), although the authors are unable to comment on their phosphorylation status. Weak bands at 43±45 kDa and 52±57 kDa found in occludin immunoblots may be proteolytic fragments formed during protein extraction. In contrast, occludin from MDCK cells showed less heterogeneity than its human counterparts. However, as the authors were not able to blot canine and human occludin with the same antibody because of a lack of species crossreactivity, caution should be exercised in interpreting the possible meaning of this difference. All three cell lines expressed broad bands of ZO-1 immunostaining with apparent molecular masses of~220 kDa. The broad bands of ZO-1 in immunoblots of all three cell types is consistent with some heterogeneity in this protein, either because of differential phosphorylation or due to the presence of ZO-1 isoforms [35] . The human airway cell lines had additional weak bands detectable by immunoblotting. It is likely that these weak bands arise by proteolysis since the authors have detected similar bands in cells explicitly treated with proteinases prior to immunoblotting [25] . Whilst the possibility that the proteinase inhibitors failed to provide adequate inhibition of TJ protein proteolysis during the preparation of cell extracts cannot be excluded, the high prevalence of breakdown products in Calu-3 cells may be indicative of a continuous turnover of TJ proteins in this cell line. This would offer a further explanation of the relatively high incidence of breaks in the continuity of TJ rings in these cells.
Calu-3 and 16HBE14o-cells offer the potential to be useful models for cell biological investigations of airway epithelial cell functions. Previous work has demonstrated that Calu-3 cells can express tight junctions, secretory component, secretory leukocyte proteinase inhibitor, lysozyme, lactoferrin, and the MUC-2 mucin gene, demonstrate constitutive and phorbol 12-myristate 13-acetate-inducible gelatinase B activity, have an active cystic fibrosis transmembrane conductance regulator and display functional cyclic adenosine monophosphate-dependent chloride secretion [18, 36±38] . 16HBE14o-cells possess tight junctions, cystic fibrosis transmembrane conductance regulator and functional chloride conductances [19] , they express functional b-adrenoceptors [39] , and the cytokines interleukin-2 [40] , and interleukin-8 [39] , utilize the transcription factor nuclear factor-kB [41] and contain type-III phosphodiesterase [42] . Taken together with the evidence from other investigations [25] , these data collectively suggest that the 16HBE14o-and Calu-3 epithelial cell lines may prove to be useful paradigms of the permeability functions of human airway epithelium, especially in studies of tight junction assembly and disassembly.
